Asthma is a multifactorial disease influenced by genetic and environmental factors. In the past decade, several loci and 1100 genes have been found to be associated with the disease in at least one population. Among these loci, region 12q13-24 has been implicated in asthma etiology in multiple populations, suggesting that it harbors one or more asthma susceptibility genes. We performed linkage and association analyses by transmission/disequilibrium test and case-control analysis in the candidate region 12q13-24, using the Sardinian founder population, in which limited heterogeneity of pathogenetic alleles for monogenic and complex disorders as well as of environmental conditions should facilitate the study of multifactorial traits. We analyzed our cohort, using a cutoff age of 13 years at asthma onset, and detected significant linkage to a portion of 12q13-24. We identified IRAK-M as the gene contributing to the linkage and showed that it is associated with early-onset persistent asthma. We defined protective and predisposing SNP haplotypes and replicated associations in an outbred Italian population. Sequence analysis in patients found mutations, including inactivating lesions, in the IRAK-M coding region. Immunohistochemistry of lung biopsies showed that IRAK-M is highly expressed in epithelial cells. We report that IRAK-M is involved in the pathogenesis of early-onset persistent asthma. IRAK-M, a negative regulator of the Toll-like receptor/IL-1R pathways, is a master regulator of NF-kB and inflammation. Our data suggest a mechanistic link between hyperactivation of the innate immune system and chronic airway inflammation and indicate IRAK-M as a potential target for therapeutic intervention against asthma. 
Asthma (MIM #600807) is a chronic inflammatory disease of bronchial epithelium and submucosa that leads to irreversible anatomical changes in bronchi and permanent impairment of lung function. Its prevalence in Western industrialized societies is now 5% and growing, with increasing associated mortality. 1, 2 Interest in finding etiologic factors has correspondingly intensified.
Whereas the role of the immune system and of specific subsets of T-helper (Th) cells in the pathophysiology of asthma has been clearly established, the genes implicated in this disease are just beginning to be identified. Multiple genetic loci and several gene variants have been recently detected and inferred to contribute to allergic asthma. 3 For most of these genes, however, their relationship to the pathophysiology of asthma remains conjectural, and none appears to be directly involved in the activation of airway inflammatory processes or allergy. Replication of studies has also been difficult because of the genetic heterogeneity of asthma, the extreme variability in disease expression, the presence of phenocopies, and a marked variety of environmental influences.
One approach to reducing heterogeneity in studies of a Sib pairs in the early-onset group (р13 years) are concordant for age at asthma onset. b The group with age at onset 113 years includes sibs both concordant and discordant for onset. c Only one affected sibling (the proband) is included in TDT analysis. d Families were selected from all four provinces of Sardinia, in proportions representative of the local population. e Data are reported as means‫ע‬SDs.
multifactorial traits focuses on founder populations, which have grown from a few initial members to large modern populations without appreciable in-migration and of which Sardinia provides one of the most promising. 4, 5 For example, monogenic disorders such as b-thalassemia, Wilson's disease, and autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy syndrome, as well as complex disorders like diabetes type I, show limited heterogeneity of pathogenetic alleles. [6] [7] [8] [9] The population of the island shares much the same environment, reducing nongenetic sources of variation as well.
To elucidate the genetic components of asthma, we studied affected Sardinian families by linkage and association analysis at chromosome 12q13-24, a region previously implicated in asthma etiology in different populations. 10, 11 Here, we report that variants in the interleukin-1 receptor associated kinase-M (IRAK-M; HUGO nomenclature IRAK3 [MIM *604459]) gene are associated with early-onset persistent asthma and indicate IRAK-M as a potential new target for therapeutic intervention against asthma and atopic diseases.
Material and Methods

Sample Collection
Patients were recruited by the recovery of information from archives and ongoing clinical activities from all the four provinces of Sardinia, in proportions representative of the local population. Atopic asthmatic sibling pairs (sibs) and trios were collected over a period of 4 years, mainly from pediatric and pneumologic centers. To avoid phenocopies, all patients fulfilled the following criteria: Sardinian origin for at least 3 generations and age at visit 16 years. At the recruitment sessions, each subject was interviewed, disease status was ascertained by physical examination, permission was asked to access personal health records, and blood samples were collected. Each participant signed an informed consent form. All study methods have been approved by the local ethics committee (Azienda Sanitaria Locale number 8 protocol 24/Comitato Etico/02, authorization number 4737).
Asthma was diagnosed by a pulmonary physician, in accordance with American Thoracic Society criteria. 12 Pulmonary function was evaluated by spirometry: forced expiratory volume at the 1st s (FEV1) was expressed in liters/minute. A physician administered a questionnaire collecting clinical history and classifying asthma severity in four levels according to the World Health Organization guidelines (Global Initiative for Asthma). The use of asthma drugs and any other medication was recorded. Atopy was detected by positive skin testing to common inhalant allergens by standard methods. Patients with early onset were interviewed by a physician about persistency of asthma symptoms after the completion of puberty (18 years).
The replication sample was composed of 345 unrelated individuals (67 cases and 278 healthy controls) selected from a cohort of 211 asthmatic families that has been described elsewhere. 10 In particular, since information about age at disease onset was not available for this sample, we selected as cases all atopic individuals older than 18 years with persistency of asthma symptoms (persistent asthmatic cases). All families were ascertained at the Pediatric Clinic of the University of Verona and at the Bolzano Hospital. Phenotyping included interview of the individuals with a modified American Thoracic Society questionnaire, an asthma physician's diagnosis, measurement of serum immunoglobulin E (IgE) levels, skin testing against a panel of allergens, and bronchial hyperresponsiveness testing with methacholine.
Genotyping
Genomic DNA isolated from peripheral blood leukocytes was used for genotyping with both microsatellite and SNP markers. Microsatellite markers, including di-, tri-, and tetranucleotide repeats, were chosen from the Marshfield Center for Medical Genetics, The GDB Human Genome Database, and the Ensembl Genome Browser. All microsatellites were analyzed using the MegaBACE 1000 fluorescence-based genotyping methodology. Genotypes were scored using MegaBACE Genetic Profiler Software v1.5 (Amersham Biosciences). Two DNA standards, consisting of the CEPH control individual number 1347.02 (Applied Biosystems) and an internal DNA control, were incorporated in all the runs to verify accuracy of typing. SNP markers were selected from dbSNP, The SNP Consortium, and Ensembl Genome Browser. SNP-based genotyping was performed after dot-blot preparation of amplified DNA with use of sequence-specific oligonucleotide probes.
All markers were PCR amplified and genotyped a second time when failures occurred during the first round of amplification. Data quality of microsatellite and SNP genotypes was established by three methods: reproducibility of control DNA samples, expected Mendelian inheritance of alleles within a family, and tests of Hardy-Weinberg equilibrium. These last analyses were performed with the PEDSTATS program with the use of unrelated individuals ( ). 13 Overall, we obtained a rate of genotyping P 1 .05 efficiency 196% in the first step and reached 99.8% in the second.
Mutation and Sequence Analysis
Mutation analysis of all exons and intron/exon boundaries was performed bidirectionally by direct sequencing of PCR products. In brief, for each gene, we first sequenced a subgroup of affected individuals by selecting one affected individual per informative family (the proband). Every mutation was first confirmed in the patient by resequencing, and then its presence was ascertained in the remaining family members (sibs and both parents). Mutations were also checked to verify compatibility with Mendelian inheritance. Confirmed mutations were then analyzed in the entire sample of affected families (294 families) and in 200 healthy controls by dot-blot analysis with the use of allele-specific oligonucleotide probes.
Each sample was amplified using the GeneAmp PCR System 9700 Thermal Cycler (Applied Biosystems) in accordance with the manufacturer's conditions. Sequencing reactions were performed using the ABI PRISM BigDye chemistry BigDye Terminator v3.1 Cycle Sequencing Kit and the automated sequencer ABI PRISM 3100 (Applied Biosystems), in accordance with the manufacturer's recommendations, and were visualized with the DNA Genetic Analyzer software (ABI PRISM 3100 Genetic Analyzer Data Collection Software [Applied Biosystems]). Sequences were aligned and compared with consensus from the human genome databases (National Center for Biotechnology Information and UCSC Genome Browser).
Statistical Analyses
Multipoint linkage analyses were calculated by maximum-likelihood estimate of identical-by-descent (IBD) sharing for affected sib pairs with use of the GENEHUNTER program v2.1.
14 LOD scores were computed using the possible triangle method, and no assumption was made about mode of inheritance. Sibships containing more than one affected sib pair (nine families) were considered as "all independent pairs." For the analysis on the stratified sample, multipoint linkage analysis was conducted on two subgroups of affected sib pairs stratified for age at asthma onset. The early-onset subgroup contains sib pairs concordant for age at asthma onset (р13 years), whereas the group with age at onset 113 years includes sibs both concordant and discordant for onset. The order of microsatellites and the genetic intermarker distances were derived using CRIMAP v2.4, 15 after physical localization data was checked with the Ensembl Genome Browser. To obtain a 95% CI in localizing susceptibility genes on 12q, the GENEFINDER program was used. 16 It applies generalized estimating equations to estimate the location of a susceptibility gene on the basis of IBD sharing of multiple markers by affected sib pairs and can incorporate covariate information on sib pairs, such as age at onset. To assess the effect of the risk haplotype on linkage, we also used the genotype-IBD sharing test (GIST), 17 which assigns family-specific weights on the basis of the genotype of the affected family members and the model of interest (dominant, recessive, or additive) and tests for correlations between these weights and family-based IBD sharing (NPL score).
Association analyses of SNPs with asthma were performed by both the transmission/disequilibrium test (TDT) and case-control analysis. For the TDT, only trios consisting of father, mother, and one affected son were included in the analysis. To assess significance of the TDT results, we derived empirical P values by a permutation procedure that used the same genotype data as our sample. Each permuted data set was formed by randomly reassigning alleles as transmitted or untransmitted. Haploview was used to investigate the linkage disequilibrium (LD) block structure and to identify tag SNPs and distribution of haplotypes across the IRAK-M gene and the flanking genomic regions. 18 To determine haplotype-transmission rates from parents to affected siblings, we used the UNPHASED program. 19 The case-control study of the Sardinian sample was performed by comparing allele and genotype distribution of one affected persistent case per family with those of 460 healthy subjects. Logistic-regression analyses were used to calculate odds ratios (ORs) with 95% CI and corresponding P values for all analyzed SNPs, with age and sex controlled for as covariates. P values were adjusted for multiple testing by Bonferroni correction, to maintain an overall error rate of 0.05. We also performed an analysis with the THESIAS program, 20 to test covariate-adjusted haplotype effects on disease. THESIAS was also used to test for deviation from additivity (on a log scale) of haplotype effects by a likelihood-ratio test.
For the Italian subjects, the difference of distributions between cases and controls of genotypic and allele frequencies was assessed by the Fisher exact test. In this sample, the presence of population stratification was excluded by the method proposed by Pritchard and colleagues and was implemented in the program STRUCTURE. 21 In brief, 400 unrelated individuals selected from the sample of asthmatic families were studied using 53 unlinked markers. Several runs of the program were performed under the hypothesis of one, two, three, four, or five clusters in the population. Results showed that the model including only one cluster is much more likely than any other model, indicating that the individuals studied are genetically homogeneous.
Immunohistochemistry
Lung biopsies were fixed in 10% formalin, were embedded in paraffin, were serially sectioned at 5 mm, and were processed for immunohistochemistry by standard methods with the following antibodies: rabbit polyclonal anti-IRAK-M (Cell Signaling), mouse monoclonal anti-thyroid transcription factor-1 (TTF1) (Dako), and mouse monoclonal anti-phospho-NF-kB p65 (Cell Signaling).
Immunoperoxidase staining was performed with the biotin/streptavidin-based LSAB2 system (Dako). Nuclei were counterstained with hematoxylin. Photographs were taken using a Leica DMR microscope, with use of the program Leica IM50 Image Manager v1.2 (Leica Microsystems).
Results
Linkage Analysis at Chromosome 12q13-24
Our initial analysis of asthma susceptibility genes in the candidate region of chromosome 12q13-24 was conducted with 121 affected sib pairs selected from 100 families coming from all four provinces of Sardinia (table 1) . Multipoint nonparametric affected sib pair analysis in this cohort showed suggestive evidence of linkage at marker D12S75 ( fig. 1A , and see table A1 for the markers used). To reduce possible sources of variation and to increase the power to detect linkage, we repeated the analysis after stratification of our sample population by age at asthma onset. We ar- for Sardinian asthmatic sib pairs. LOD scores are shown for the whole sample (circles), for affected sibs concordant for early age at onset (р13 years) (squares), and for affected sibs with at least one patient with age at onset 113 years (triangles). B, Genomic region of the 95% CI for gene location estimate. Asthma candidate genes for which mutation analysis was performed are indicated, along with microsatellite markers used in linkage analysis. C, LD in a 400-kb region containing IRAK-M (black bar). D values for pairwise LD between each marker are shown according to LD strength, from (red) to (white). SNPs used in TDT analysis are also
seven SNPs in bold were significant after multiple test correction (detailed results in table A2).
bitrarily selected a pubertal cutoff age of 13 years, on the basis of clinical observations pointing to the existence of phenotypical heterogeneity in early-versus late-onset forms of the disease (also see the "Discussion" section). Linkage analysis revealed that the 12q13-24 region is significantly linked to asthma in a subgroup of 60 families (66 sibs) with exclusively early-onset cases, yielding a multipoint LOD score of 3.56 ( ) between mark-Ϫ5 P p 5.2 # 10 ers D12S75 and D12S335. By contrast, no evidence of linkage was detected in the families with at least one patient with age at asthma onset 113 years ( fig. 1A and table 1) . No bias for geographic origin within Sardinia was observed between the two subgroups. Analysis with the GENEFIN-DER program 16 in the whole sample, with age at onset incorporated as a covariate, showed that the most likely location for one or more genes predisposing an individual to asthma lay within a 95% CI of 10.5 cM centered 2.7 cM distal to D12S75 ( ) ( fig. 1A ). P p .001
IRAK-M as the Candidate Gene in the Region of Maximum LOD Score
The 10.5-cM region of the 95% CI for estimated gene location contains the cytokine genes interferon gamma (IFNG), interleukin 22 (IL22), and interleukin 26 (IL26), which were previously implicated in asthma (see fig. 1B ). Sequence analysis of all the exons as well as the intron/ exon boundaries of these genes in the patients with asthma chosen as the most informative for linkage revealed no associated variation (data not shown).
On the basis of its function and possible relevance to asthma, we turned to IRAK-M, the other well-known gene located within the linkage peak. IRAK-M is one of the four IRAK proteins that mediate signal transduction of the Tolllike receptor (TLR)/IL-1R family in host defense and inflammatory responses, acting as a negative regulator. [22] [23] [24] [25] TLRs are key participants in lung host defense and in the regulation of the Th1/Th2 balance and are thus thought to have a major impact on Th2-biased allergic diseases like asthma. 26, 27 To look for association, we performed a TDT, using 22 SNPs distributed across a region of 387 kb spanning the IRAK-M gene in an extended sample of 294 families with asthma (100 from the initial linkage analysis and 194 additional families recruited later) (see table 1 ). We conducted the analysis by stratifying the families according to the age at asthma onset, as described above. Strong evidence of association was detected only in the subgroup including subjects with early-onset persistent asthma (139 families). We identified seven SNPs with significant P values even after correction for multiple testing ( fig. 1C  and table A2 ). Four SNPs mapped inside the IRAK-M gene (rs1882200, rs11465955, rs2293657, and rs1821777), whereas the remaining three (rs10878378, rs1177578, and rs1168770) were several kilobases upstream. Unlike those in the IRAK-M gene, these SNPs showed no replicated significance in a second population or in case-control studies (see below), and their apparent association with asthma is likely a consequence of LD. Indeed, a disequilibrium estimate of defines a single 138-kb haplotype D у 0.70 block containing the entire IRAK-M gene ( fig. 1C) . In this interval, we identified four common haplotypes tagged by six SNPs, which captured most of the genetic variation in this area of the genome. The most frequent haplotypes (GGGTAT and GCACGC) were significantly over-and undertransmitted, respectively, to early-onset persistent asthmatic patients (empirical and , re-P p .0011 P p .0282 spectively) (see table A2 ).
To characterize better the association of IRAK-M with asthma in our affected population, we performed a casecontrol study, using a subgroup of 139 patients with earlyonset persistent asthma as cases (one affected case per family) and 460 healthy subjects as controls (table A3) . This analysis confirmed the association and showed that six SNPs spanning the IRAK-M gene, including the previously described four intragenic SNPs, maintained significant values after Bonferroni correction (.0005 ! P !
; corrected values ; ORs 1.63-1.72) (ta-. 0015 .011 ! P ! .033 ble 2). Analysis based on genotype counts revealed that the SNP-associated risk within the IRAK-M gene ranged 20 estimated sex-and age-adjusted haplotype effects and showed that the OR of the risk haplotype was 1.73 (95% CI 1.24-2.40), with a multiplicative effect on disease (table 3) .
To assess whether the genetic linkage peak at 12q13-24 could be explained by the presence of the risk haplotype inside the IRAK-M gene, we conducted a linkage analysis with the initial sample of 100 families, using microsatellite markers located within the linkage peak. When 64 affected sibs who shared the risk haplotype defined within IRAK-M were excluded from this sample, the maximum LOD score (MLS) value at marker D12S75 dropped dramatically, from 1.93 to 0.30 ( fig. 2) . Notably, the LOD score values relative to the 64 sibs sharing the risk haplotype (MLS 1.70) were similar to those observed for the whole sample. Furthermore, the GIST confirmed that the risk haplotype accounted for a significant fraction of linkage evidence ( ), with the recessive model better explaining the P p .027 linkage signal ( ). These analyses thus support the P p .013 relation of the linkage signal to the IRAK-M risk haplotype.
Replication in an Independent Italian Cohort
To confirm the association of IRAK-M with asthma, we performed a case-control study in a cohort from mainland Italy that had previously shown evidence of linkage on chromosome 12q (see table A3) . 10 This population, like other European populations, is genetically distant from Sardinians. 28 We evaluated the six tag SNPs that had defined predisposing and protective haplotypes in the TDT analysis of the Sardinian population (rs2870784, rs1177578,  rs2141709, rs11465955, rs1624395, and rs1370128) . The results revealed a significant association for two SNPs within IRAK-M-rs1624395 and rs1370128 ( and P p .004 , respectively)-which was maintained even after P p .002 Bonferroni correction (corrected and .012, re-P p .024 spectively) (table 4). rs11465955 also showed a positive trend for association ( ). Genotype analysis vali-P p .029 dated these results. In contrast with the haplotype risk model of the case-control analysis in the Sardinian population, the best risk model associated with markers inside IRAK-M for the mainland Italian population is recessive, by a model-free approach. Notably, the Sardinian and mainland Italian populations presented the same IRAK-M-associated alleles and similar frequency of the most common haplotypes (table A4) .
Mutation Analysis of the IRAK-M Gene
The IRAK-M gene consists of 12 exons spanning a region of ∼60 kb in 12q14.3 and encodes a protein of 596 aa. Like the other members of the IRAK family, IRAK-M contains an N-terminal death domain (DD) followed by a central kinase-like domain and a C-terminal unique stretch of amino acids. 22 The mechanism by which IRAK-M acts as a negative regulator of the TLR/IL-1R-signaling pathways is still speculative, but it may prevent phosphorylation and dissociation of IRAK-1 from the receptor-adaptor complex, resulting in the interruption of downstream signaling. To see if any mutations in the IRAK-M coding sequence were implicated in asthma in the Sardinian population, we sequenced all the exons as well as the intron/exon boundaries of the IRAK-M gene in 100 probands randomly selected from all the families in this study. We identified seven nucleotide-sequence variations present in 10 different families (table 5) . Two interesting mutations were detected in families A and B. In family A, a stop codon in the conserved tryptophan within the DD (W76X) could result in nonsense-mediated mRNA decay (NMD) or could generate a protein lacking the N-terminal part, as a consequence of translation initiation at an alternative downstream ATG. 29 In family B, a GrT substitution at position ϩ1 of the donor splice site of exon 3 is expected to severely affect splicing of the IRAK-M gene and could give rise to a truncated protein containing only the DD. Both mutations were coinherited with the predisposing risk haplotype (TAT) and were associated with early-onset asthma. In addition, five nucleotide changes give rise to amino acid substitutions in the IRAK-M protein sequence. Among these, amino acid changes P22L in the DD and L400V and R429Q in the kinase domain of the IRAK-M protein are predicted to modify the domain structure, although it remains unclear if they are functionally relevant. As might be expected for a multifactorial disease, we did not observe a correlation between the severity of the asthma phenotype in patients and the presence of these mutations in the IRAK-M gene. Dot-blot analysis with the use of allele-specific probes in the entire sample of affected families and in 200 healthy controls did not detect these mutations.
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Expression Studies
Previous studies have shown that the IRAK-M gene is highly expressed in monocytic cells, compared with lowlevel expression in other tissues. 24 We extended these studies to lung biopsies from healthy donors. Immunohistochemistry with an antibody directed against IRAK-M showed that this molecule is expressed by macrophages as well as by alveolar and bronchial epithelial cells in the lung (fig. 3A) . In particular, staining with an antibody directed against TTF1, a marker of type II pneumocytes, revealed that IRAK-M is expressed by that cell type ( fig. 3B) . Staining of biopsies with an antibody against the NF-kB component p65 revealed that type II epithelial cells also express this molecule (not shown). Consistent with previous reports, we observed a high level of NF-kB activation in airway epithelial cells in bronchi and alveoli ( fig. 3C ). 30 The expression of IRAK-M in type II pneumocytes makes it a candidate for more-extensive involvement in pulmonary function.
Discussion
In searches for genes, age has rarely been used to discriminate genetic subclasses of asthma. Yet, several studies indicate the existence of relevant clinical peculiarities in early-versus late-onset disease. Incidence of severe disease, high IgE levels, and lung inflammation, for instance, are more pronounced in children than in adults. [31] [32] [33] Furthermore, asthmatic children may go into clinical remission after puberty, along with the shift in steroid hormone levels and developmental changes in lung structure. On the basis of these observations, we selected a cutoff age of 13 years at asthma onset, to stratify the sample. At this age, puberty is expected to have begun in all children. Using this criterion, we detected significant linkage to a portion of 12q13-24 and identified IRAK-M as the gene in the candidate region implicated in early-onset persistent asthma.
In particular, a predisposing three-SNP haplotype (TAT) located within the IRAK-M gene accounted for practically all the linkage in this region and was associated with earlyonset persistent asthma. Also, SNPs mapping within the IRAK-M gene was associated with asthma in an independent outbred population. In this population, we were able to evaluate only cases with persistent asthma, since information about disease onset was not available. We believe that association of IRAK-M SNPs with asthma in this sample may be due to the contribution of subjects with early disease onset. Indeed, early onset is often associated with persistency of asthma symptoms to adulthood and is the most severe form of the disease. Finally, preliminary work has detected rare nonsense, splicing, and missense mutations within the IRAK-M gene in a subgroup of family members with asthma but not in healthy controls, suggesting that insufficiency of this protein may predispose individuals to asthma. A more comprehensive sequencebased study of the spectrum of rare variants at this locus may reveal a clustering of such rare variants in subjects with asthma. 34 It is not surprising that the risk haplotype and/or the mutations of the IRAK-M gene were not detected in all subjects affected by early-onset asthma, because defective IRAK-M function presumably acts in concert with other genes and environmental factors. Consistent with complex causation, SNPs within the IRAK-M gene were not found to be associated with asthma in an urban Japanese cohort. 35 How might IRAK-M variants be involved in the development of atopic asthma? IRAK-M is induced upon TLR stimulation and negatively regulates TLR signaling and inflammation. 24, 25, 36 The family of TLRs is crucial in the activation of the adaptive immune response to pathogens and lung disease. 23, 27 TLR stimulation has been considered primarily linked to the activation of a Th1 response, which could protect against asthma sensitization and initiation but could also trigger asthma symptoms and increase bronchial hyperreactivity once allergic disease is present. 37 Recent studies have suggested that TLR activation can also induce Th2 cytokines and the development of experimental asthma. 38, 39 Also, the exposure to lipopolysaccharide doses similar to the levels in the environment of asthmatic children triggers a Th2 response. 40 Several studies have found positive associations of SNPs in different TLRs with asthma and atopy. 41 Malfunction of the TLR pathway in innate immunity is likely to be involved in atopic disease as well as asthma exacerbation, and our results suggest a critical role for IRAK-M, a major regulator of this pathway. The pathogenetic mechanism(s) remain unclear, but a first hint comes from the observation that IRAK-M is expressed in type II pneumocytes. These cells play key roles in lung function and innate immune defense and may be in- volved in allergen-induced airway changes. Recent work has suggested a specific role of IRAK-M in lung innate immunity. 42 In particular, it has been reported that lungs from IRAK-M-deficient septic mice responded to bacterial challenge by producing elevated levels of inflammatory cytokines and chemokines, which cause the recruitment of increased numbers of neutrophils in the airways. Notably, this cell type is involved in asthma exacerbation. On the basis of our results and previous observations, we propose the following etiological pathway toward asthma ( fig. 3D ). IRAK-M intervenes critically to modulate the activation of NF-kB and downstream inflammatory responses. When its function is diminished or compromised, continuous overproduction of inflammatory cytokines in the lung in response to infection/allergens may lead to a Th2-mediated allergic response and/or Th1-dependent exacerbation of asthma symptoms. If so, modulating IRAK-M function may provide a way to moderate the development of allergic asthma. Finally, our data may provide an entry point to identifying other genetic factors that predispose individuals to early-and late-onset asthma. .33950
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